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A pyrochemical electroreﬁning process for the recovery of actinides from metallic nuclear fuel based on
actinide-zirconium alloys (AneZr) in a molten salt is being investigated. In this process actinides are
group-selectively recovered on solid aluminium cathodes as AneAl alloys using a LiCleKCl eutectic melt
at a temperature of 450 C. In the present study the electrochemical behaviour of zirconium during
electroreﬁning was investigated. The maximum amount of actinides that can be oxidised without anodic
co-dissolution of zirconium was determined at a selected constant cathodic current density. The
experiment consisted of three steps to assess the different stages of the electroreﬁning process, each of
which employing a fresh aluminium cathode. The results indicate that almost a complete dissolution of
the actinides without co-dissolution of zirconium is possible under the applied experimental conditions.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The development of nuclear power generation relies on a safe
and secure management of radioactive waste and on implementing
technologies based on processes accomplishing the enhanced
safety and security principles [1]. A partitioning and transmutation
scenario is suggested for reducing the amount and radiotoxicity of
the waste, involving multi-recycling of plutonium and the minor
actinides [2,3].
Electroreﬁning for the reprocessing of uranium and uranium/
transuranium recovery in molten LiCleKCl has been proposed by
Argonne National Laboratory, USA, as a core process in the pyro-
chemical recovery ﬂow sheet for treatment of metallic fuel [4]. Thecek).
B.V. This is an open access article uprocess offers the possibility to monitor the actinide content in the
salt by electroanalytical and spectroscopic techniques [5]. To this
end, a pyrochemical route to recover actinides from metallic nu-
clear fuel based on AneZr alloys in chloride salt (LiCleKCl) is
investigated at the Institute for Transuranium Elements (ITU) [6].
This method fulﬁls the requirements of non-proliferation as all
actinides can be recovered group-selectively. The main process is
electroreﬁning, which consists of anodic dissolution of the fuel in a
molten salt bath and simultaneous reduction of the actinides onto
solid Al cathodes forming AneAl alloys [7]. Aluminium has been
identiﬁed as a promising cathode material to separate actinides
from lanthanides due to a sufﬁciently large difference in their
respective reduction potentials and the formation of stable AneAl
alloys [7,8]. A subsequent chlorination step allows the separation of
the actinides from the aluminium [9,10].
In a technical process, co-oxidation of zirconium and the acti-
nides cannot be avoided completely [11]. As this can negativelynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Experimental principle: alumina crucible with LiCleKCl melt; three anodic
baskets with AneZr alloy, one installed aluminium cathode.
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process in such a way as to minimise co-dissolution of zirconium
jointly with the actinides [12].
In this study the electrochemical behaviour of zirconium during
electroreﬁning of non-irradiated UPuZr alloy was investigated to
determine the maximum extent to which uranium and plutonium
can be recovered without anodic co-dissolution of zirconium at the
selected cathodic constant current density of 20 mA/cm2.
2. Experimental
2.1. Electroreﬁning set-up and preparation of the salt
All experiments were carried out in a glove box in puriﬁed argon
atmosphere with less than 5 ppm of moisture and oxygen. The
glove box is equipped with a vertical furnace in which a crucible
and the electrolyser were placed. The entire experimental setup is
described in detail elsewhere [7].
The electrolyte was a LiCleKCl eutectic (41.8 mol % KCl; Aldrich
99.99 %), in which U3þ and Pu3þ ions were dissolved, in order to
ensure enough electroactive ions in the melt needed for the start-
up of the process. This salt was prepared by chemical oxidation of
non-irradiated AneZr alloy (71 wt. % U; 19 wt. % Pu; 10 wt. % Zr) by
BiCl3 to form AnCl3 by reaction 1 where An denotes U and Pu. The
experimental procedure is described in detail elsewhere [12]. The
bismuth was collected as a metallic phase on the bottom of the
crucible and was then removed from the salt by breaking the cru-
cible manually.
Bi3þsalt phase þ An0Bi phase/ Bi0Bi phase þ Anþsalt phase (1)
The starting actinide concentration in the salt was 1.4 wt. %
uranium and 0.3 wt. % plutonium, determined by inductively
coupled plasma - optical emission spectrometry (ICP-OES). The
total amount of salt was 40 g.
Cyclic voltammetry was carried out using a three-electrode
conﬁguration. A tungsten wire of 1 mm diameter was prepared as
the working electrode, whereas a molybdenum wire served as the
auxiliary electrode. A Pyrex glass tube, containing LiCleKCl eutectic
with 1 wt. % AgCl in which a silver wire of 1 mm diameter was
dipped, was utilised as reference electrode. All electrochemical
potentials mentioned in this work refer to this reference potential.
An Autolab PG STAT302N potentiostat and the electrochemistry
software Nova and GPES were employed.
Galvanostatic electroreﬁning was carried out with a constant
current density of 20 mA/cm2, which corresponds to the expected
current density of a scaled-up process. The objective was to control
the process in a way that only UAlx and PuAlx alloys are formed on
the cathodes and to avoid deposition of uranium metal. Three
experimental stepswere carried out to assess the different stages of
the dissolution process. The ﬁrst one was stopped well before the
start of zirconium dissolution into the melt. The Zr dissolution
would be indicated by an anodic potential increase above the value
of 1.0 V vs Ag/AgCl, which corresponds to the Zr4þ/Zr0 redox
potential. The second step was initially intended to be terminated
when 100 % of the actinides would theoretically have been dis-
solved, based on calculations applying Faraday's law to calculate
the charge needed for a complete dissolution. In this step co-
dissolution of some zirconium was expected and would have
been acceptable. In reality, however, when this point in time was
reached, the actual potential was still too far below the anodic cut-
off potential. It was therefore decided to allow this step to proceed
until the anodic cut-off potential, indicating zirconium dissolution,
was nearly reached. Finally, in the third step, the electroreﬁning
was stopped when the potential exceeded the anodic cut-offpotential of 1.0 V vs Ag/AgCl.
The electroreﬁning was carried out in a three electrode conﬁg-
uration. The experimental setup consisted of an Al2O3 crucible
containing the LiCleKCleAnCl3 melt, the reference electrode, the
aluminium cathode and three anodic baskets, all of which were
dipped in the melt. The anodic baskets were made of tantalum
mesh. Each basket was ﬁlled with around 0.7 g of AneZr alloy, with
2 g of actinides used in total. All three anodic baskets were operated
simultaneously. The principle of the experiment is illustrated in
Fig. 1. Three aluminium plate cathodes (cath. 1, cath. 2 and cath. 3)
with active surface areas of 3.8 cm2, 3.2 cm2 and 2.15 cm2,
respectively were used consecutively. The thickness of the cathodes
was 2mm (cath.1) and 0.5mm (cath. 2 and cath. 3). Before use they
were polished and washed in ethanol. During the experiment they
were not rotated. Both, anodic and cathodic, potentials were
monitored. After each of the three steps the cathodewas exchanged
and one of the three baskets was removed.2.2. Analytical procedures
2.2.1. Salt and cathodes
In total four samples of the molten salt were taken using a
capillary made of Pyrex. The ﬁrst (salt 0) was taken at the beginning
of the experiment, the next two samples (salt A; B) were collected
during the electroreﬁning as marked below in Fig. 3 and in Table 1.
The last sample (salt C) was taken after ﬁnishing the
electroreﬁning.
After completing each experimental step the cathodes and the
anodic baskets were kept above the melt at a temperature of 450 C
for several hours to let adhered salt drip off. However, the elec-
trodes were not washed before taking samples for analysis.
After weighing, the cathodes were transversely cut and a piece
was removed and embedded in epoxy resin. The surface was pol-
ished and examined by optical microscopy and Scanning Electron
Microscopy - Energy Dispersive X-ray spectroscopy (SEM-EDX).
The remaining deposit on the cathodes was scraped off, ground
and the residual salt was removed by distillation at a temperature
of 800 C and a pressure of 101 mbar. Powdered aliquots of this
ground cathode deposit, about 15 mg each, were dissolved in 10 ml
of a solution of 5.5 M HNO3 and 0.16 M HF. The salt samples, about
120 mg each, were also dissolved in 10 ml of the same solution.
Table 1
Chemical composition of the salt samples in wt. % as determined by ICP-OES.
Sample Charge passed (C) U Pu Zr salta Sum of all components
salt 0 0 1.4 0.3 <LOD 90 92
salt A 1210 1.8 0.7 <LOD 96 98
salt B 2364 1.0 0.4 <LOD 92 93
salt C 2796 1.0 0.5 0.1 94 96
LOD ¼ limit of detection.
a Values calculated from the Li and K content determined by ICP-OES; salt consists
of a LiCleKCl eutectic.
Fig. 2. Cyclic voltammogram of the molten salt containing 1.4 wt. % of uranium and
0.3 wt. % of plutonium on a tungsten working electrode, a molybdenum auxiliary
electrode and an Ag/AgCl reference electrode at a temperature of 450 C with a scan
rate of 100 mV/s; peaks 1c/1a correlates to the U4þ/U3þ transition, peaks 2c/2a to the
U3þ/U transition and peaks 3c/3a to the Pu3þ/Pu transition.
R. Meier et al. / Journal of Nuclear Materials 472 (2016) 99e104 101Employing ICP-OES (Ultima 2, Horiba Jobin Yvon, Longjumeau,
France) these solutions were analysed for Al, Pu, U, Zr, Li and K, and
for U, Pu, Zr, Li and K in the case of the cathode samples and of the
salt samples, respectively, largely following the experimental pro-
cedures described in Ref. [13].
X-ray Diffraction (XRD) measurements of the cathode material
were performed after removal of the salt by distillation. The ma-
terial obtained from cathode 1 was ground and mixed with epoxy
resin and glued on a sample holder. As the material is very sensitive
to moisture this procedure was improved for the measurements of
the samples from cathodes 2 and 3. A specially designed sample
holder was chosen to protect the material frommoisture during the
measurements. Thematerial wasmixedwith silicon oil and pressed
between two Kapton foils. All measurements were performed on a
Bruker D8 BraggeBrentano Advance diffractometer. For identiﬁ-
cation of the patterns the ICSD database was employed. Rietveld
reﬁnement of the obtained diffractogramswas performed using the
software Highscore Plus (Panalytical, Almelo, Netherlands).2.2.2. Anodic baskets
In order to remove the adhering salt the anodic baskets were
washed in distilled water and centrifuged. The centrifugate was
disposed of and the residue consisting of non-dissolved AneZr
alloy was recovered. It was not possible to determine the total
quantity of the recovered material. However, about 10 mg of each
sample were dissolved in 20 ml of a solution containing 7 M HNO3,
3.7 M HCl and 0.1 M HF. The dissolution was conducted in PTFE
containers that were sealed and heated to 180 C in a heating block
(DAB2, Berghof, Germany) and kept at this temperature for 5 h. The
solutions were subsequently analysed by ICP-OES for U, Pu and Zr.Fig. 3. Development of the cathodic and anodic potential in the course of the exper-
iment; the electroreﬁning was terminated after exceeding the anodic cut-off potential
of 1.0 V; the sampling of the molten salt and the changes of the electrodes (coe) are
also indicated.3. Results and discussion
3.1. Electroreﬁning runs
A cyclic voltammogram (CV) of the melt before starting the
electroreﬁning is given in Fig. 2. The ﬁrst couple of peaks 1c/1a at a
potential of 0.25 V is linked to the U4þ/U3þ transition [14] cor-
responding to the reaction 2. The peaks 2c/2a and 3c/3a at poten-
tials of 1.39 V and 1.72 V correspond to the reduction and
oxidation of uranium [14] and plutonium [15], respectively, ac-
cording to the reaction 3. No impurities were detected as can be
seen in the CV.
U4þ þ e% U3þ (2)
An3þ þ 3e% An0 (3)
As mentioned earlier, galvanostatic electroreﬁning was carried
out with a constant cathodic current density of 20 mA/cm2. How-
ever, during processing of the ﬁrst cathode the current density had
to be reduced temporarily in order to keep the cathodic potential
more positive than the uranium metal deposition potential(1.45 V). Fig. 3 shows the recorded potential during the experi-
ment. The ﬁrst step was stopped after a total charge of 1887 C had
passed. Assuming an ideal current efﬁciency of 100 %, 77 % of the
actinides should have been dissolved from the AnZr alloy in the
anodic basket at this stage. The second step was stopped after a
charge of 2680 C had passed. In theory 119 % of actinides would
have been dissolved at this point. This indicates an anodic current
efﬁciency below 100 %. The experiment was completed after step
three when a massive zirconium dissolution was observed and the
anodic potential largely exceeded the anodic cut-off potential for
zirconium (EZr¼1.0 V). A total charge of 2796 Cwas ﬁnally passed
corresponding to 124 % of the charge needed to theoretically fully
dissolve the actinides.
No zirconiumwas detected by ICP-OES in the salt samples taken
during step 1 (salt A) and step 2 (salt B) of the experiment. How-
ever, the sample collected at the end of the experiment (salt C)
revealed a small quantity of zirconium. This ﬁnding conﬁrmed the
dissolution of zirconium when the anodic cut-off potential was
Fig. 4. Cathode 1 after removal from the melt. The thickness increased from 2 mm to
3 mm. The formation of AneAl alloy and adhered salt is visible.
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third cathode, in which a small amount of zirconiumwas detected,
as presented in x3.2.1. Table 1 shows the ICP-OES results of the
cathodes. As shown in the last column, the masses of the measured
concentrations of the salt samples sum up to values between 92
and 98 %. This is sufﬁciently close to 100 % in order to deem the
results reliable.
Determining the exact start of the zirconium co-dissolution is
difﬁcult. The anodic cut off potential might not be reached if the
amount of zirconium dissolving is small. According to reaction 4, it
is conceivable that a small quantity of dissolved zirconium ions
chemically react with the uranium and plutonium still present in
the anodic baskets, while the anode remains polarised negatively
enough to allow this reaction.
3 Zr4þsalt þ 4 An0anode % 3 Zr0bottom þ 4 An3þsalt (4)
The formed zirconium metal particles would then drop to the
bottom of the crucible and would not be detected by the ICP-OES of
the salt samples.
3.2. Electrodes
3.2.1. ICP-OES analysis of the electrodes
ICP-OES analysis of the dissolved anodic residues yielded only
qualitative information. The AneZr alloys are very refractory and
during the dissolution process it was not possible to weigh the
exact masses of the material. The available setup allowed dissolu-
tion of a very small sample mass in the PTFE containers. The re-
covery of the anodic residues from the baskets, as explained above,
resulted also in a larger uncertainty.
However, the results are meaningful and indicate that the major
part of the uranium and that all of the plutonium was dissolved
after the second step of the electroreﬁning. On the other hand only
a very small part of the uraniumwas left in the AneZr alloy after the
last experimental step. At this point the massive zirconium disso-
lution had just started.
The results of the ICP-OES analysis of the cathodes are provided
in Table 2. The analysis of the cathodes yielded a molar ratio of An
to Al of approximately 1 : 3, corresponding to the expected for-
mation of AnAl3 alloys [12]. Adhered salt was distilled out prior to
the ICP-OES analysis of the cathodes. The difference of the summed
up masses from 100 % is explained by the overall experimental
uncertainty, including the relatively largeweighing error associated
with the use of a balance in the glove box, considering the small
sample masses of only about 15 mg collected from each of the
cathodes.
A photograph of the ﬁrst cathode after electroreﬁning is shown
in Fig. 4. Metallic-shiny grey, well-adhered deposits were observed
on the surface of all three cathodes. Particularly on the lower parts
some salt was adhered.
3.2.2. XRD
XRD measurements conﬁrmed UAl3/PuAl3 as the main products
formed on the cathodes, as suggested by the ICP-OES analysis. Due
to their lattice parameters being virtually identical it is not possibleTable 2
Chemical composition in wt. % of the three cathodes as determined using ICP-OES.
Sample U Pu Zr Salt Al Sum of all components
cath. 1 54 7.1 < LOD < LOD 23 84
cath. 2 54 6.6 < LOD < LOD 19 79
cath. 3 50 5.0 0.9 < LOD 21 77
LOD ¼ limit of detection.to discern between uranium and plutonium compounds by XRD.
AnO2 was detected as well as a minor component. During the
electroreﬁning the presence of oxygen can be excluded. The formed
UAl3 and PuAl3 alloys are stable under the measurement conditions
as shown already in previous studies [10]. The AnO2 could therefore
only be formed during the distillation process, when the cathodes
were heated to 800 C. This was performed under vacuum but the
presence of traces of oxygen in the quartz reactor due to leaking
cannot be excluded. Fig. 5 presents the XRD diffractogram of the
sample obtained from cathode 3. The crystal structure data source
ﬁles used for the Rietveld reﬁnement were taken from the ICSD
database and the ICSD references are 58196 for UAl3 and 35204 for
UO2.
3.2.3. SEM-EDX characterisation of the cathodes
Dense, well-adhered, and relatively uniformly distributed de-
posits were obtained on all three cathodes. A SEM micrograph of
the third cathode is shown in Fig. 6. EDX was performed at several
locations of the cathode and conﬁrmed a core of non-reacted
aluminium surrounded by AneAl alloy. About four single spectra
were taken inside each of the spots marked in Fig. 6; the average
values are summarised in Table 3. Cathode 3 was the most inter-
esting as there was a small amount of zirconium detected in the
deposit by ICP-OES. Any effect of the zirconium on the overall
quality of the deposit was not observed. The third cathode was
loaded up to 43 % based on the amount of recovered actinides. OnFig. 5. XRD diffractogram of the sample of cathode 3 with the patterns of the com-
pounds found and the difference plot (grey line) obtained by Rietveld reﬁnement. The
composition as determined by Rietveld reﬁnement was 91 % AnAl3 and 9 % AnO2.
Fig. 6. SEM micrograph of the third cathode highlighting a core of non-reacted
aluminium covered by the deposited AneAl alloy. The locations of the EDX measure-
ments are marked.
Table 3
EDX results in at. % of the layer deposited on cathode 3. The speciﬁc spots aremarked
in Fig. 6.
Spot 1 2 3 4 5 6 Average
Al 59 59 65 65 63 62 62
Zr 4 4 3 4 3 4 4
U 16 16 20 19 20 19 18
Pu 21 21 12 12 13 16 16
Table 4
Masses of the actinides theoretically dissolved.
m U-Pu-Zr m U þ Pu m U þ Pu dissolveda
[mg] [mg] [mg]
basket 1 772 695 536
basket 2 773 695 695
basket 3 690 621 621
sum of actinides 2235 2012 1852
a based on charge passed.
Table 5
Masses of the actinides recovered on the cathodes.
m U þ Pu þ salta Salt adheredb m U þ Pu
[mg] [wt. %] [mg] [mg]
cath. 1 795 13 106 689
cath. 2 699 41 289 410
cath. 3 235 27 63 172
sum of actinides 1271
a difference of mass of the cathode before and after electroreﬁning.
b loss after distillation of speciﬁc cathode.
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aluminium cathode to form UAl3 and PuAl3 alloys as indicated in
Ref. [12] and found by XRD.
3.3. Recovery of actinides on the cathodes
The amounts of actinides dissolved in each anodic basket are
given in Table 4. For the calculation ideal (100 %) anodic current
efﬁciency and uniform distribution among the three baskets were
assumed. The values were calculated based on the charge passed
(I), the total amount of actinides loaded into the three baskets (II)
and taking into account that the amount of actinides dissolved from
basket 1 was only 77 % and that this basket was removed during the
experiment (III). The amount of actinides dissolved from baskets 2
and 3 was 100 % based on the theoretical charge passed, thus full
dissolution of the actinides was presumed.
Each aluminium cathode was weighed before and after the
electroreﬁning. The weight loss after distillation of a part of each
cathode was used to estimate the amount of salt adhered on the
entire cathode, assuming a uniform layer on the complete surface.
For each cathode the amount of recovered actinides was then
calculated after correcting for the adhered salt. The corresponding
values are summarised in Table 5. The overall recovery efﬁciency,
calculated according to equation (5) was 69 %, based on the sum of
the dissolved and recovered actinides.recovery efficiency ¼ An recovered on cathodes
An dissolved from baskets based on charge passNevertheless, considering that the current efﬁciency for the
dissolution was probably not ideal in reality, this value must be
regarded as the minimum recovery efﬁciency. It should be noted,
that the small amount of co-deposited zirconium was neglected in
this calculation.4. Conclusion
Recovering actinides by electroreﬁning using solid aluminium
cathodes is a promising approach. In this work galvanostatic elec-
troreﬁning of AneZr alloy was carried out in a LiCleKCl eutectic
melt, in which uranium and plutonium had been dissolved as
An(III). Anodic dissolution of AneZr alloy was investigated in order
to determine the maximum extent to which the actinides can be
oxidised without anodic co-dissolution of zirconium. The AneZr
alloy was distributed and loaded equally into three baskets made of
tantalum mesh, which were used as anodes. Three plates of solid
aluminium were used consecutively as cathodes. A total charge of
almost 2800 C passed during the three steps of the experiment.
The selective oxidation was completed when almost 120 % of
actinides would have theoretically been dissolved. According to
ICP-OES analysis of the anodic residues, all plutonium and most of
the uranium was dissolved at this stage. This indicates that while
applying an anodic cut-off potential the actinides can be dissolved
almost completely without dissolution of zirconium. It is chal-
lenging to determine the exact beginning of the zirconium disso-
lution, but evaluation of all experimental data indicates that the
signiﬁcant dissolution of zirconium started in the ﬁnal step after
exceeding the anodic cut-off potential of 1.0 V vs Ag/AgCl.
Dense, well-adhered and homogeneously distributed deposits
were obtained on all three cathodes. Results of ICP-OES analysis of
the deposits indicated and XRD measurements conﬁrmed UAl3 and
PuAl3 as the main components of the formed alloys. Any effect of
the small amount of zirconium co-deposited on the third cathode
on the properties of the deposit was not observed in contrast toed
(5)
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in the present study only a small amount of zirconium was co-
deposited. SEM-EDX conﬁrmed the presence of a small amount of
zirconium even though this method is not the most appropriate for
such small concentrations. The overall efﬁciency for recovery of
actinides on the cathodes was at least 69 %.
A small portion of uranium was still detected in the samples
taken from the baskets after the ﬁnal step of the experiment, which
additionally indicates that a full dissolution of actinides without
any co-dissolution of zirconium may not be possible, likewise re-
ported in Ref. [11].
Experiments applying a constant current density were suc-
cessfully performed and the experimental technique was estab-
lished. Actinide-aluminium alloys were formed and can be
introduced to a next step of the pyrochemical recovery process, e.g.
chlorination [9,10]. For further optimization and investigation of
the process the experiment should be repeated using a different
current density as well as variations in the surface and geometry of
the cathodes.
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